Objective: Recent evidence suggests that fluid overload may be deleterious to critically ill children. The purpose of this study was to investigate the association of early fluid overload with respiratory morbidity and mortality in patients admitted to a general PICU. Design: Retrospective cohort study. Conclusions: Fluid overload at 48 hours was associated with oxygenation index at 48 hours and invasive ventilation days in survivors in a general PICU population. There was no association of fluid overload at 48 hours with mortality. (Pediatr Crit Care Med 2015; 16:205-209) 
F luid bolus resuscitation is integral to developed world management of children presenting with signs of severe sepsis, despite the lack of high-grade evidence to support its use (1) . Enthusiastic fluid resuscitation, along with ongoing maintenance fluid administration, commonly leads to positive fluid balance, sometimes with fluid overload, in children admitted to pediatric intensive care. Increasing evidence is accumulating that fluid overload in critical illness is deleterious in both children and adults (2) (3) (4) (5) (6) .
In children with acute lung injury (ALI), early fluid overload has been independently associated with mortality and with duration of mechanical ventilation (7, 8) . Analysis of the 109 patients in the pediatric arm of the Calfactant in Acute Respiratory Distress Syndrome trial (9) , a multicenter randomized placebocontrolled trial of endotracheally instilled calfactant versus placebo in patients intubated for ALI, also demonstrated that fluid overload was associated with both mortality and respiratory morbidity. In adults, the Fluid and Catheter Treatment Trial (10) , a large multicentered randomized control study, comparing liberal and conservative fluid management strategies, demonstrated that patients with ALI managed with a conservative fluid strategy had improved oxygenation, decreased duration of mechanical ventilation, and reduced ICU stay. If there is an effect of fluid overload on pulmonary dysfunction, fluid overload would be expected to be detrimental in all mechanically ventilated patients, whether or not they have ALI. Accordingly, a recent small study of 80 patients has also shown an association between fluid overload, impaired oxygenation, and increased duration of ventilation in a general PICU population (11) .
In contrast, the post hoc analysis of the Pediatric Acute Lung Injury and Sepsis Investigators (PALISI) multicenter weaning study did not find any association between cumulative fluid balance, duration of weaning, and extubation outcome (12) . Despite this, subgroup analysis demonstrated that the group with the highest cumulative fluid balance had an increased duration of weaning. These inconsistent findings may in part reflect the difficulties of post hoc analysis in a study not designed to take into account fluid overload on the outcomes of interest.
Thus, most studies to date suggest that fluid overload in critically ill children is detrimental. However, the current evidence base is fraught with difficulties, including limited investigation of specific patient groups, small cohorts, inaccurate data collection, and post hoc analyses.
Because of these uncertainties, we decided to investigate the association of early fluid overload with oxygenation index (OI), length of ventilation, and mortality in mechanically ventilated children in a large general PICU population.
MATERIALS AND METHODS
It is a single-center retrospective anonymized database study in patients admitted to the PICU at St Mary's Hospital, London, United Kingdom, over a 4-year period, April 1, 2009, to March 31, 2013. St Mary's PICU is a general medical and surgical ICU admitting children with a wide variety of pathology. There is no cardiac surgical program. Seventy percent of admissions to the PICU are transfers from secondary care centers (District General Hospitals) located in London and the South-East of England. Local research ethics approval for the study was obtained from Imperial College Healthcare National Health Service Trust Joint Research Compliance Office (Study 13SM1803), and the need for informed consent was waived.
All patients who are 0-16 years old and were invasively ventilated for at least 24 hours and remained on invasive ventilation at 48 hours post admission were eligible for inclusion into the study. There were no exclusion criteria.
The PICU clinical information system database (Intellivue Clinical Information Portfolio [ICIP], Philips, United Kingdom) and the Paediatric Intensive Care Audit Network database (PICANet, Leeds, United Kingdom) were interrogated to yield prospectively collected data. ICIP is the electronic patient record, which includes clinical records, physiological charting including fluid balance, and laboratory data. PICANet is the national U.K. PICU audit, on which quality-assured data are recorded, including demographics, diagnosis, PIM2 scoring, PICU interventions, and outcome. Data collection included demographic characteristics, diagnosis, hospital admission weight, PIM2 score, ventilator variables (mode of ventilation, mean airway pressure, and Fio 2 ), PICU interventions (vasoactive drugs and continuous renal replacement therapy [CRRT] ), duration of invasive ventilation, daily fluid intake and output from admission, and arterial blood gas measurements. Physiological and diagnostic data including fluid intake and output are entered manually on an hourly basis by the bedside nurse; laboratory, blood gas, and ventilator data are entered automatically via electronic interface.
Daily fluid intake included maintenance IV fluids, parenteral and enteral nutrition, fluid boluses, blood and blood products, and medication. Daily maintenance fluids were calculated according to the Holliday-Segar formula (13) . Daily fluid output included urine output, gastric aspirate, stool, and losses from other body cavities. Insensible losses were not calculated.
OI was calculated only if blood gas analysis had been performed on blood taken from an indwelling arterial catheter. OI was calculated at 48 hours post admission as follows: Fio 2 × mean airway pressure × 100/Pao 2 .
Fluid overload percent (%FO) at 48 hours post admission was calculated as follows: cumulative fluid in from admission to 48 hours (L) -cumulative fluid out from admission to 48 hours (L)/hospital admission weight (kg) × 100%.
Statistical analysis was performed to investigate the relationship between %FO at 48 hours and three outcome measures: 1) OI at 48 hours from admission; 2) invasive ventilation days in survivors; and 3) death. The Spearman rank correlation coefficient (Spearman ρ) was used to assess the relationships between variables. The Mann-Whitney U test (MWU) was used to test whether differences existed in variables between survivors and nonsurvivors. The Kruskal-Wallis test was used to test whether differences existed in variables in analyses with more than two groups. The chi-square test was used to test for differences in proportions between groups. Linear regression analysis was used to explore the relationship between %FO and OI at 48 hours from admission and %FO and invasive ventilation days in survivors. Predictor variables selected to be included in the models were those found to be significantly correlated with or associated with the dependent variable in the initial analysis (p < 0.1). PICU interventions (vasoactive drugs, CRRT) were not included in these models due to collinearity with PIM2 score.
Some previous studies have used bandings of %FO to look at the relationship between %FO and various outcome measures, noting that a positive fluid balance more than 15% increased the risk for increased morbidity and pulmonary dysfunction in a general PICU population (11) . We therefore also divided %FO into bands (0% to < 5%, ≥ 5% to < 10%, ≥ 10% to < 15%, and ≥ 15%) post hoc for parts of our analysis.
Data were nonparametric and are presented as median and interquartile range. SPSS Statistics version 20.0 (IBM, Armonk, NY) was used for the analysis.
RESULTS
Over the 4-year study period, 1,293 children were admitted to our PICU, and 636 children (49%) met eligibility criteria and were included in the study with a variety of diagnoses ( Table 1) . OI data were available for 453 eligible patients (71%). The remainder did not have an arterial catheter in situ at 48 hours. Three hundred sixty-one patients (57%) were male, and median age was 1.05 year (0.3-4.2 yr). Three hundred seventy-three patients (59%) had a primary respiratory diagnosis (Table 1) . Ninety patients (14%) were receiving high-frequency oscillation ventilation; the remainder were conventionally ventilated at 48 hours. Median PIM2 score was 6% (2-12).
Overall, 53 patients (8%) died. In survivors, the median duration of invasive ventilation was 5 days (3-8 d). Thirty-four patients (5%) received CRRT and 320 (50%) received vasoactive drugs. At 48 hours from admission, the median %FO was 7.2% (4.4-12.2%) and median OI was 4.8 (2.7-8.6). Data on demographics, severity of illness, PICU interventions, and outcomes across the fluid overload bandings are shown in Table 2 . This demonstrates that %FO was significantly associated with younger age, higher PIM2 score, higher requirement for vasoactive drugs and CRRT, higher OI at 48 hours, and days of invasive ventilation in survivors. There was no association with %FO and mortality.
Looking at the population as a whole, there was a significant correlation between %FO and OI at 48 hours (Spearman ρ, 0.318; p < 0.001). There was no significant correlation or association between OI at 48 hours and PIM2, age, or gender (results not shown). Diagnostic category was, however, associated with OI at 48 hours (Kruskal-Wallis test, p < 0.001), with median OI varying from 2 (1.1-2.9) in the sepsis group to 6.5 (2.2-10.9) in the respiratory group. Diagnostic category was not associated with %FO (p = ns, Kruskal Wallis, results not shown). Linear regression was therefore performed including %FO and diagnostic category as predictor variables in a model with OI at 48 hours as the dependent variable. This indicated that the overall model was a fair fit for the data (F (2,450) = 31.19; p < 0.001; R 2 = 0.122), with both %FO (p < 0.001; β = 0.26; se = 0.05) and diagnostic group (p < 0.001; β = 0.94; se = 0.16) significant predictors.
Looking at invasive ventilation days in survivors, there was a significant relationship between %FO bandings and invasive ventilation days (Kruskal-Wallis test, p < 0.0001) (Fig. 1 and Table 2 ). Invasive ventilation days in survivors also correlated significantly with PIM2 (Spearman ρ, 0.148; p < 0.0001) and %FO (Spearman ρ, 0.274; p < 0.0001), but not with age. There was also an association between invasive ventilation days and diagnostic group (MWU, p = 0.032) but not gender. A linear regression model was built, using invasive ventilation days as the dependent variable. Predictor variables were PIM2, %FO, and diagnostic group. The regression analysis demonstrated that the overall model was a fair fit for the data (F (3,578) = 14.91; p < 0.001; R 2 = 0.07), with %FO a significant predictor of invasive ventilation days (p = 0.002; β = 0.14; se = 0.05), along with PIM2 (p < 0.001; β = 17.1; se = 3.3) and diagnostic group (p = 0.004; β = 0.46; se = 0.16).
Differences between survivors and nonsurvivors are shown in Table 3 . Although there were significant differences in age, sex, PIM2, and PICU interventions between survivors and nonsurvivors, there was no significant difference in %FO (MWU, p = 0.23) ( Table 3) . Looking across a range of different bandings of %FO, there was a tendency for increased mortality in the higher banding, but this was not statistically significant (chi-square test, p = 0.53) ( Table 2 ). Diagnostic group was significantly associated with mortality (chi-square test, p < 0.001), ranging from 42% in the cardiac/post-cardiac arrest group to 0% in the trauma group (Table 1) .
DISCUSSION
This is the largest retrospective study to date investigating fluid overload and outcome in a cohort of undifferentiated critically ill children. Our study demonstrated that although degree of fluid overload at 48 hours is associated with both OI at 48 hours and length of ventilation in survivors, there was no association with mortality. Despite weak R 2 values, the association between fluid overload and OI and length of invasive ventilation was significant and confirmed in the regression models.
Our study is consistent with Arikan et al's (11) smaller retrospective study of fluid overload in 80 general PICU patients. The patients included in the study by Arikan et al (11) and our study were both representative of admissions to a general PICU, with a similar spread of diagnoses. Our cohort was younger, had a lower OI, and was ventilated for a shorter period of time. Primary respiratory pathology was the most common diagnosis in both studies, and in both, there was a significant association between fluid overload and pulmonary dysfunction. The study by Arikan et al (11) investigated fluid overload up to 14 days from admission.
We chose to focus on early fluid overload as most critically ill children in the United Kingdom spend less than 7 days in PICU (14) . Also, accurate measurement of fluid balance is an ongoing nursing challenge (15, 16) , particularly as insensible losses cannot be measured and as long-stay patients in particular often do not have urinary catheters. It is possible that in some other studies of fluid overload in ventilated children, in which many patients reached their "peak fluid overload" after day 5 of admission, this is due to inaccurate measurement. For example, in the PALISI study (12) , children were found to be a mean of 136 mL/kg positive at the time of extubation, with a range of -358 to +2,228 mL/ kg. Such a wide range casts doubt on the validity of the overall findings. Our own data demonstrated that fluid overload progressively increased over admission in long-stay patients (data not shown). We suspect that this is due to inaccurate charting of fluid balance once patients no longer have a urinary catheter and stools become solid, rather than ongoing excess fluid administration beyond the first 48 hours. It is for this reason that we decided to focus our study on mechanically ventilated patients in the first 48 hours of admission and in patients with an arterial catheter in situ-in our unit, such patients always have a urinary catheter in situ and fluid balance calculation is therefore at its most reliable.
The %FO at 48 hours in our study is similar to that found in other studies which have also chosen to focus on early rather than late fluid overload; for example, the 75% quartile of fluid overload was 11% on day 2 in the study by Arikan et al (11) and the mean cumulative fluid overload at day 3 in the study by Valentine et al (8) was 8.5% ± 10.5%.
The observation that %FO is associated with vasoactive drug use is interesting, and the significance is not clear. There are a two possible explanations-first, that fluid bolus therapy is being given at the point the Starling curve is flat, or in other words, a failure to respond to fluids alerts the clinician that vasoactive drugs are required; or second, that patients on vasoactive drugs are more unwell with more capillary leak and simply require increased fluids. Without data on timing of fluid versus vasoactive drug therapy, it is not possible to comment further. Future prospective studies with improved hemodynamic monitoring may help to dissect this association (17) .
A strength of this study is its relevance and general applicability to critically ill children. Our large cohort included patients with a broad range of diagnoses, other than postoperative cardiac patients, as our unit does not have a cardiac surgical or extracorporeal membrane oxygenation program. The study also demonstrates proof of concept for utilization of a PICU clinical information system for retrospective studies of this nature. 
Limitations
The main limitation of our study was the failure to include fluid input and output prior to PICU admission due to practical constraints. It is most likely that this resulted in an underestimate of fluid overload, as many patients would likely have received large volumes of fluid in excess of output during resuscitation and/or stabilization prior to PICU admission (18) . Fluid overload may also been underestimated in patients with cardiac failure or acute kidney injury as no account was taken of disease-related fluid accumulation prior to admission. The use of a fluid balance-based rather than a weight-based calculation of fluid overload might be another limitation in our study. The weight used for our fluid overload calculation was hospital admission weight. It is not our practice to reweigh patients in the PICU. Such practice would have enabled a weight-based determination of fluid overload for comparison. However, although %FO has previously been shown to differ when it is calculated by fluid balance or weight, fluid balancebased and weight-based methods correlate very highly with each other and share similar ability to predict death in patients requiring CRRT (19) .
Furthermore, as the data demonstrate, there are many factors at play in the complex relationship between %FO, severity of illness, PICU interventions, and outcome. It is hardly surprising that PIM2 score is associated with both %FO in survivors and with mortality, for example. The association between age and mortality is less expected but may have been confounded by the higher prevalence of comorbidities in older children, rather than because of a direct effect of age. Comorbidities, including neurological and respiratory problems, are much more common in older children invasively ventilated in PICU and are associated with mortality. In the group described, diagnostic data indicated that of the 53 children who died, 39 had major comorbidities including 22 with severe neurological impairment. The failure to demonstrate an association between fluid overload and mortality may also have been due to the study being underpowered to detect such an association. No formal power calculation was performed; it is possible that a larger cohort would demonstrate an association.
The inverse association of age with %FO in survivors, with younger patients having a tendency to be more fluid overloaded, is also interesting and may be either due to a tendency for the Holliday-Segar formula to overestimate maintenance fluid requirements in ventilated infants or due to increased fluid bolus therapy in younger patients. A prospective study separating out maintenance from fluid bolus therapy would be necessary to determine which of these explanations are the reasons for this observation.
CONCLUSIONS
Fluid overload at 48 hours is associated with OI at 48 hours and length of ventilation in a general PICU population. Overall, our findings support the need for a prospective study of fluid overload in PICU, including fluid bolus resuscitation given prior to PICU admission, to elucidate the relationship between fluid overload and outcome.
